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Abstract  
Three different techniques to study the evolution of the setting and the hardening of 
concrete are compared: (1) ultrasonic monitoring using the FreshCon system, (2) a resistivity 
method and (3) the mechanical Kelly-Bryant method. The experimental tests were carried out 
on two slag cement concretes in order to compare these methods and to evaluate their ability 
to monitor continuously the setting and hardening process of concretes with different slag 
content in the cement. Globally, the initial setting age values given by the three methods were 
in good agreement, but only the two non-destructive methods (ultrasonic and electric) allow 
determining the final setting. However, the three methods are complementary and the non-
destructive methods give additional information (like chemical reactions, stiffness evolution) 
about the hydration process of cementitious materials. They are also able to tackle the 
differences in the setting behaviour due to the slag content in the cement. 
Résumé  
Dans cet article, trois techniques permettant de suivre l’évolution de la prise et du 
durcissement du béton sont décrites  : (1) la méthode ultrasonique basée sur le système 
FreshCon, (2) une méthode électrique et (3) la méthode mécanique Kelly-Bryant. Ces essais 
expérimentaux sont réalisés sur deux bétons formulés à base de ciment au laitier de haut-
fourneau. Les résultats obtenus par ces différentes méthodes sont comparés entre eux, ainsi 
que leur capacité à suivre l’évolution de la prise de différents types de ciment. Globalement, 
toutes ces méthodes donnent un temps de début de prise assez proche, mais seulement les 
deux méthodes non-destructives (ultrasonique et électrique) sont capables de détecter le 
temps de fin de prise. Cependant, toutes ces méthodes d’investigation se complètent en 
apportant des informations complémentaires sur l’évolution de l’hydratation des matériaux 
cimentaires (réactions chimiques, évolution de la rigidité). Elles mettent également en avant 
des différences dans l’évolution de la prise du matériau suite à une variation de la teneur en 
laitier du ciment.  
Keywords  
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1 Introduction   
Nowadays, more and more attention is given to the knowledge of the early age concrete 
behaviour from the fresh state to the hardened state. This period is indeed extremely 
important for the construction process. It determines, e.g., the construction speed, the age at 
formwork removal and the workability period of the concrete… Moreover, a better 
understanding of the setting age is also important for the study of the influence of the type of 
cement on the development of the concrete properties at early-age. The most usual method to 
    
   NDTCE’09, Non-Destructive Testing in Civil Engineering   
  Nantes, France, June 30th – July 3rd, 2009   
 
 
monitor the setting and hardening of cementitious systems is the penetration test, such as the 
Vicat needle on cement pastes and the pin-penetration on mortars. However, the 
interpretation of its results is relatively arbitrary. Moreover, this method is not applicable to 
concrete. But techniques for monitoring the evolution of early-age properties of cementitious 
materials have recently been developed [1]. Several techniques are now available. This study 
focuses on the comparison of results obtained with three different techniques (mechanical, 
electrical and ultrasonic) applied to two slag cement concretes. 
 
2 Material 
Two cement concretes differing by their slag content (42% slag for the CEM III/A and 
71% for the CEM III/B) were tested at 20°C. Their water-binder ratio (W/B) and their binder 
content were kept constant and equal to 0.45 and 375 kg/m³ respectively. Aggregates with six 
different fractions were used. The concrete mixtures proportions are given in Table 1.  
It is worth noting that all concrete samples needed for the three testing procedures were 
batched together. Moreover, all the tests were conducted at a room temperature of 20°C and 
the temperature evolution of all samples was monitored. The maximal temperature of the 
CEM III/B concrete reached about 23°C for all tests. For the CEM III/A concrete, this value 
slighltly differed with the tested method: 24.7°C for the ultrasonic method and 23°C for the 
electrical method. The record of the temperature was used to convert the actual age into an 
equivalent age in order to express the experimental results independently of the temperature 
variations [2]. 
 
Table 1. Concrete mixtures proportions 
Composition (kg/m³)  CEM III/A  CEM III/B 
Cement 375 
Water net  166.95  164.90 
Admixture  2.63 (0.7%)  5.25 (1.4%) 
Sand 0/0.5  492 
Sand 0.5/1  126 
Sand 1/3  104 
Limestone 2/6  311 
Limestone 6/10  438 
Limestone 10/14  415 
3 Experimental  devices 
3.1  Four point contacts resistivity method 
The evolution of the resistivity derived from resistance measurements allows 
characterizing the hydration process of concrete and determining its initial and final setting 
ages. This measurement was realized by using an equipment recently developed in the 
Research Centre of the Belgian Cement Industry (CRIC-OCCN) (Fig.1-1). Concrete was 
poured in a prismatic PVC mould (7x7x28 cm³) and covered with a plastic foil. Alternating 
current was used in order to avoid the polarization resistance occurring with the direct 
current. The current was applied between two outside electrodes. Tension was not applied 
continuously in order to avoid ion migration. The voltage enabling to calculate the resistance 
was measured between two inner electrodes embedded at 6 cm from each sample extremity. 
The method provides a measurement free of contact resistance.  
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Figure 1. Electrical device based on four point contacts resistivity method (1) and Test Set-
up for the Kelly-Bryant method (2)  
3.2  Kelly Bryant method 
The mechanical Kelly-Bryant method [3] consists in measuring the rate of development of 
the force that is necessary to extract steel pins embedded in concrete. It only allows the 
determination of the initial concrete setting age. Concrete was poured in a conventional 
prismatic mould (10x10x60 cm³) placed horizontally (Fig.1-2). Stainless steel pins 
maintained vertically by guides were disposed in the mould. The guides were removed just 
before pulling the first pin. Concrete has to be vibrated sufficiently to ensure a thorough 
contact with the pin surface. The pins were pulled out one-by-one from concrete at regular 
time intervals with a mechanical system. The force required to pull out the embedded pins 
was measured with a dynamometer. During this test, the sample was protected from 
desiccation by a plastic foil. 
 
3.3 Ultrasonic  method 
Ultrasonic measurement can also be used to monitor the early age behaviour of concrete. 
We used the FreshCon equipment (Fig.2) developed recently at the University of Stuttgart 
[4]. The container is formed by two polymethacrylate (PMMA) walls kept at a distance of 5.9 
cm apart by four screws. A foam material is used to make a U-shaped mould. Its high 
damping properties are able to remove waves passing through the mould and moving around 
the concrete sample (concrete volume: 450 cm³). The sample is protected from desiccation by 
a plastic foil. During this test, a pulse signal with a width of  2.5 µs was applied every 5 
minutes. The ultrasonic compression wave was then transmitted through the concrete sample 
by means of a piezoelectric broadband transmitter. After travelling through the sample, the 
signal was received by an ultrasonic receiver and sent back to the computer. The ultrasonic 
velocity, the energy and the frequency spectrum evolutions in function of the concrete age are 
given by the software. The initial and final setting ages can be determined by analyzing these 
data. 
 
 
Figure 2. FreshCon equipment consisting of a computer, a signal generator and a concrete 
mould 
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4 Experimental  results 
The evolution of the resistivity and its derivative with time can be divided into 5 stages of 
hydration process [5]. The first, or dissolution stage, starts at the time of mixing the cement 
with water and finishes at point M, the saturation point (Fig.3). During this period, the 
concrete resistivity decreases because the concentration of ions (K
+, Na
+, Ca
2+, OH
-, SO4
2-) 
into the liquid phase increases. But the slag content in the concretes affects the duration of 
this stage and the position of point M: the equivalent age and resistivity values for this point 
are [2.7 h, 3.8 Ω.m] for the CEM III/A concrete and [4.8 h, 4.8 Ω.m] for the CEM III/B 
concrete respectively (Fig.3). This behaviour is related to the decrease in C3A content, the 
most active phase of cement, which reacts with the sulphate ions dissolved from the regulator 
into the solution. Moreover, the increase in slag content generates a decrease in the resistivity 
of the porous solution. Beyond point M, a resistivity increase is led by the formation of the 
first hydration products and a decrease in the material porosity. This second stage, 
dissolution-precipitation stage, finishes at point L, which is the first point of inflexion after 
point M on the curve giving the derivative of the evolution of the resistivity with time. It 
appears at 5.5 h and 7.2 h for the CEM III/A and CEM III/B mixes respectively. The third, or 
setting phase, is located between point L and point P1, the first peak on the differential curve. 
According to Xiao and al. [6], these points are close to the initial and final setting ages 
respectively. From P1 to P2 (the second peak on the differential curve), the hardening stage is 
always characterized by a resistivity increase, firstly at a temporarily reduced rate, then 
followed by an increase of the rate. After P2, the resistivity increases at a decreasing rate. At 
this moment, the hydration of the cementitious material is controlled by diffusion of ions 
through the thickness of hydrates formed at the cement particle surface. Points P1 and P2 
appear at 7.4 h and 14.5 h for the CEM III/A mix. Unfortunately, these points were not easy 
to identify for the mix CEM III/B. 
So, the electrical measurements are sensitive to changes in the pore solution and the 
porosity evolution of the cementitious material which can change rapidly during the early 
stages of the hydration process. Two main parameters are also determined by this method: the 
initial and the final setting ages. But it is also a way to obtain information about the chemical 
reactions, microstructure evolution and chemical transport. 
 
 
Figure 3.  Evolution of the resistivity and its derivative 
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The mechanical Kelly-Bryant method only allows determining the initial setting, which 
corresponds to the first significant change of slope on the curve giving the evolution of the 
pull out force – or bond strength - with time. Indeed, the evolution of the bond strength is 
characterized by two stages. During the first stage, a constant and low value of bond strength 
is measured (Fig.4). After this stage, the hydration products form rigid connections between 
the cement particles leading to a fast increase in bond strength values. This test was realized 
on two samples at the same time. The beginning of the increase in the bond strength appears 
at 5.5 h for the CEM III/A concrete and at 6.9 h for the CEM III/B concrete. These ages at the 
beginning of setting are close to the ages at point L determined by the resistivity method. 
 
 
Figure 4. Evolution of the bond strength during the Kelly-Bryant tests 
 
The ultrasonic velocity, energy and frequency spectrum evolutions determined by the 
ultrasonic method are S-shaped (Fig.5 & 6). We will firstly focus on the velocity evolution. 
Then, the study of the two other parameters will complete this first analysis. In the velocity 
curves, three characteristic parts can be distinguished. The first stage, a dormant period, is 
characterized by a velocity value less than 1000 m/s; this low value is attributed to air 
entrapped [7]. After this dormant period, the velocity increases rapidly. But this second stage 
is also partially characterized by a constant value of the bond strength (Fig.4). Thus, the 
ultrasonic velocity starts to increase earlier than the beginning of setting. Voigt and al [8] 
suggest that this increase in velocity without increase in bond strength could be attributed to 
two reasons. Firstly, the compression ultrasonic waves pass through gas, liquid and solid. 
Thus, the initial velocity increase could correspond with the formation of hydration products, 
such as ettringite, which have no or little influence on the stiffening process and the bond 
strength. These hydration products fill the pore spaces but they are not characterized by 
connected particles. Secondly, an internal setting process caused by gravity could create a 
kind of mechanical coupling in the concrete without a real bond between the particles. So, the 
ultrasonic velocity increases while the bond strength stays constant. According to these two 
techniques, the initial setting is assumed to be the first inflection point on the velocity curves 
corresponding to the increase in the bond strength. Physically, this change is related to the 
appearance of an interconnected path of hydrated cement particles. Thanks to this 
percolation, the ultrasonic transmission velocity through hardening concrete is higher than in 
the fresh concrete. After the second stage, the velocity increases more gradually (third stage) 
to finally reach an asymptotic value. This slow increase in velocity (indicated by a constant 
value of the derivative of the velocity curve close to zero) corresponds quite well with the 
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final setting. Thus, by this method, the setting of the CEM III/A and CEM III/B concretes 
conserved at 20°C (Fig.5) begins at 5 h and 7.5 h and ends at 8.8 h and 10.5 h respectively. 
 
 
Figure 5. Velocity and energy evolutions 
 
The energy curves (Fig.5) exhibit the same stages as the velocity curves. However, an 
accurate calculation of the wave energy in the beginning of measurement was difficult 
because the energy is proportional to the sum of the squared amplitudes of the signal which 
was rather noisy during this period [9]. A second phase of energy increase was observed at 
6.4 h and 12.3 h for the CEM III/A and CEM III/B concretes respectively. These points 
correspond probably to the beginning of an acceleration period of the slag hydration. The 
change in frequency content of the transmitted ultrasound signal in time (Fig.6) can also give 
information about the setting evolution. This parameter is calculated with an FFT-algorithm. 
Only weak and low frequencies are noticed at very early age, when the cementitious material 
is still considered in suspension. At the percolation threshold, when the system changes from 
a suspension to a more solid state, frequencies start to appear clearly in the spectrum (circles 
in Fig.6) [9]. This moment is situated at 4.6 h and 7 h for the CEM III/A and CEM III/B 
mixes respectively. These values are close to the initial setting ages determined by the 
velocity curves. Moreover, the frequency spectrum seems to increase faster when the slag 
content diminishes. This observation is also in agreement with the velocity and energy 
curves. 
 
 
Figure 6. Evolution of the frequence for CEM III/A (1) and CEM III/B (2) 
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5 Conclusions 
All methods considered in this study recognize the differences in setting behaviour which 
may be linked to the slag content of the cement. The four point contacts resistivity and 
ultrasonic methods have the advantage of being non-destructive (ND) and of monitoring 
automatically at regular times the evolution of the properties of the concrete samples. The 
initial setting ages obtained by both ND methods are close (the difference is less than 30 
min). They are also confirmed by the mechanical test. This allows establishing a relationship 
between the determinations of initial setting on the different curves obtained by the ND 
methods with the evolution of the mechanical properties. The final setting can also be 
determined by both ND methods, but the determination of a distinct point seems to be 
difficult with the increase in slag content for the resistivity method. Moreover, each method 
gives additional information about the hydration process. The electrical measurement is 
related to chemical reaction and transport, while the ultrasonic measurement is directly 
related to the mechanical properties of material through which the waves propagate. 
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